ABSTRACT: To better understand the sequence−structure− function relationships that control the activity and selectivity of membrane-permeabilizing peptides, we screened a peptide library, based on the archetypal pore-former melittin, for loss-off unction variants. This was accomplished by assaying library members for failure to cause leakage of entrapped contents from synthetic lipid vesicles at a peptide-to-lipid ratio of 1:20, 10-fold higher than the concentration at which melittin efficiently permeabilizes the same vesicles. Surprisingly, about one-third of the library members are inactive under these conditions. In the negative peptides, two changes of hydrophobic residues to glycine were especially abundant. We show that loss-of-function activity can be completely recapitulated by a single-residue change of the leucine at position 16 to glycine. Unlike the potently cytolytic melittin, the loss-of-function peptides, including the single-site variant, are essentially inactive against phosphatidylcholine vesicles and multiple types of eukaryotic cells. Loss of function is shown to result from a shift in the binding−folding equilibrium away from the active, bound, α-helical state toward the inactive, unbound, random-coil state. Accordingly, the addition of anionic lipids to synthetic lipid vesicles restored binding, α-helical secondary structure, and potent activity of the "negative" peptides. While nontoxic to mammalian cells, the single-site variant has potent bactericidal activity, consistent with the anionic nature of bacterial membranes. The results show that conformational fine-tuning of helical poreforming peptides is a powerful way to modulate their activity and selectivity.
■ INTRODUCTION
Membrane-permeabilizing peptides have many potential applications, including their use as antibacterial, antifungal, and antiviral compounds, 1−5 as anticancer agents, 6, 7 as drug delivery enhancers, 8 and as biosensors. 9, 10 However, to realize their full potential, we must be able to rationally engineer or modulate their activity and membrane selectivity, objectives which are currently not possible because the mechanism of such peptides cannot yet be described with specific molecular models. In fact, because many membrane-permeabilizing peptides act non-specifically through their interfacial activity, 11−13 they may have multiple overlapping mechanisms, and it may never be possible to define their activity in explicit molecular terms.
The best-studied example of a potentially useful membranepermeabilizing peptide is melittin, the archetypal, amphipathic, α-helical cytolytic peptide from the venom of the European honeybee (Apis mellifera). Melittin has been closely studied for decades in both synthetic and biological systems. 14−16 Many attempts have been made to harness and control the membrane-permeabilizing activity of melittin for translational applications. For example, researchers have used melittin as a foundation for antimicrobial peptides, with the goal of decreasing its lytic activity against eukaryotic membranes while maintaining its activity against bacterial membranes. In one such strategy, a diastereomeric version of melittin, with multiple D-amino acids, could not fold into an amphipathic helix, and was thus no longer lytic against mammalian cells but still had good antimicrobial activity. 13 In another case, a chimeric antimicrobial peptide with improved properties was engineered by combining a portion of melittin and a portion of cecropin A, an antibacterial peptide from insects. 17−19 Other researchers have tried to increase or control the activity of melittin so that it could be used as a synthetic ion channel, biosensor, or anticancer agent. 6, 7 For example, templateassembled melittin tetramers have potent pore-forming activity. 20, 21 Melittin molecules incorporated into targeted nanoparticles (called "nanobees" 22 ) have anticancer activity 6, 7 and also inhibit the HIV virus, while leaving eukaryotic cells unharmed. 23 Yet, despite the significant amount of research, we cannot currently make quantitative predictions about changes in the activity of melittin upon alterations to its sequence. Thus, neither melittin nor other membrane-active peptides can be rationally engineered.
In the literature, novel variants with useful functions are usually found by trial and error. In our recent work, we have embraced the spirit of trial and error, along with rational design, to find novel membrane active peptides using synthetic molecular evolution (i.e., iterative rational library design and high-throughput screening). 24 One of our screens 25 led to the discovery of gain-of-function variants of melittin that are equilibrium pore-formers with significantly increased potency, compared to melittin. Although we did not specifically screen for macromolecular poration in the gain-of-function screen, we have shown that the most active gain-of-function variant, MelP5, 25 is unique among known pore-forming peptides in that it releases macromolecules from lipid vesicles at low concentration. 26 Melittin in membranes has two independent helical segments, separated by the helix-breaking glycine at position 12 and proline at position 14. 27, 28 We showed that two singleamino-acid changes to the 26-residue sequence of melittin, Thr 10 to Ala (T10A) and Lys 23 to Ala (K23A), are sufficient, and may be necessary, to drive the observed increases in poreforming potency. 25 Both of these changes enable the gain-offunction sequences to have more ideal amphipathic helices. The T10A variation improves helical propensity and amphipathicity in the N-terminal helix, while the K23A variation improves helicity and amphipathicity in the C-terminal helix by enabling the extension of the amphipathic helical segment into the cationic C-terminal tail of melittin.
Here we continue our effort toward learning how to "finetune" the activity of pore-forming peptides, such as melittin, by screening for loss-of-function variants using the same melittinbased library that was used to find the gain-of-function variants. The difference is that in the loss-of-function assay we screened for inactive sequences at a peptide-to-lipid ratio (P:L) of 1:20, while in the gain-of-function assay we screened for potent activity at P:L = 1:1000. For comparison, melittin becomes active at around P:L = 1:200 in this system. We show that both gain-and loss-of-function sequences are dominated by singleamino-acid changes that alter the coupled equilibria of membrane binding, α-helix formation, and membrane permeabilization.
■ RESULTS AND DISCUSSION Two-Step Screen. We previously described the two-step screen that we have used to select for potent, equilibrium poreforming peptides. 24, 25, 29 First, we measure permeabilization of lipid vesicles by the net release of entrapped terbium citrate after peptide addition. Second, we test for the continued presence of "pores" at equilibrium (>8 h after peptide addition) by measuring the degree to which a membrane-impermeant, polar compound, dithionite, can quench lipid-linked nitrobenzoxadiazole (NBD) fluorophores inside lipid vesicles. Equilibrium permeabilization, which is rare at low peptide concentration, 24, 25, 29 allows dithionite inside the vesicles at equilibrium, and 100% of NBD moieties are quenched. After transient permeabilization, 11 which is a common mechanism, membranes are no longer permeable at equilibrium. In this case only the external lipid-linked NBD (∼55%) will be quenched by dithionite. This screen has successfully been used in two different studies to select for distinct classes of potent, gain-offunction pore-forming peptides under stringent conditions of low peptide-to-lipid ratio, P:L = 1:1000. 24, 25, 29 One of these gain-of-function screens 25 was performed with the same library and the same lipid vesicles that we use here.
Screening for Loss of Function. In order to learn more about the sequence features that modulate the activity of poreforming peptides, we screened for loss-of-f unction sequences using the same melittin-based library and the same lipid vesicles, made from 90% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 10% 1-palmitoyl-2-oleoyl-snglycero-3-phosphoglycerol (POPG), that were used in the gain-of-function screen. We screened ∼8000 individual library members at P:L = 1:20, a peptide concentration that is at least 10 times higher than the concentration at which melittin efficiently permeabilizes the same vesicles, and is at least 100 times higher than the concentration at which the best gain-offunction peptide, MelP5, efficiently permeabilizes these vesicles. The library design is shown in Figure 1A . The rationale for the 10 varied residues includes (i) modulation of conformational flexibility, (ii) changes in the angle subtended by the polar face, (iii) disruption of a leucine zipper motif, and (iv) polarity and charge of the C-terminal tail. 25 The 7776 member library explores a narrow sequence space around the parent sequence of melittin.
The scatterplot in Figure 1B shows raw screen results for the individual library members. Inactive peptides are clustered in the lower left and active peptides are clustered in the upper right. Prior to performing the screen, we expected loss-offunction sequences to be rare because most library members are very similar to melittin and MelP5, and were expected to have at least some activity at this very high concentration. The median identity to melittin within the library is 77%. The minimum possible identity is 16/26 residues or 62%. Most library members are more than 80% identical to either melittin or to one of the 10 known gain-of-function variants. 25 Furthermore, our gain-of-function screen showed that the Cterminal tail can vary significantly among active peptides. The scatterplot in Figure 1B and the histogram of leakage in Figure  1C show that our expectation was wrong. There are two specific areas containing an abundant concentration of library members. There is the expected cluster at high activity (>80% leakage, >80% NBD quenching), but also an unexpected cluster with no activity (<20% leakage, <60% NBD quenching). Lossof-function sequences are surprisingly abundant in the library, with at least one-third of library members having no activity even at P:L = 1:20. Because the variable sites in the library ( Figure 1A ) had only two or three possible amino acids, the observed distribution is consistent with the presence of one single-amino-acid change that can abolish activity under these conditions.
We randomly selected 12 loss-of-function library members for sequencing by Edman degradation. We note that up to 1 or 2% of library beads do not release sufficient peptide for detection of activity (unpublished observation). Because the amount of peptide release is not known individually for the 12 negative sequences in Figure 2 , it is possible that some are false negatives, due to poor release. Compared to the gain-offunction sequences, there is more overall variability in the lossof-function sequences. In the identified negatives, the four cationic residues of the C-terminus, overall, were neither conserved nor changed to uncharged residues more often than expected by chance (p < 0.05). Similarly, other varied residues did not show statistically significant preferences in the negatives, presumably because the sample size is small. However, two residues, Val 8 and Leu 16, are simultaneously (i) mostly conserved in the gain-of-function sequences, and (ii) mostly changed to glycine in the loss-of-function sequences (Figure 2 ). Because Val 8-to-Gly was also found in some Figure 2 . Sequences of peptides identified in the screen: top line, melittin, from which the library was designed; second line, residue variations in the combinatorial peptide library; and third line, MelP5, the best gain-of-function sequence identified by us in another screen. 25 The loss-of-function sequences were determined by Edman degradation using 12 randomly selected negative library members. Blue columns are varied residues. Red amino acid codes represent changes in residues that were conserved in gain-of-function sequences. Red and green rows highlight two peptides tested for activity. In terms of the changes to glycine at sequence positions Val 8 and Leu 16, MelN1 is atypical, while MelN2 is typical. The bottom two rows show the % conservation of native residue in the loss-of-function screen (this work) and the gain-of-function screen.
validated gain-of-function sequences, 25 we expect that its contribution to activity is complex. Here we focus on Leu 16, which was almost completely conserved in the gain of function variants, and was almost completely changed to glycine the loss-of-function variants.
In a preliminary test, we synthesized a representative loss-offunction sequence, MelN2, which has the commonly observed Val 8-to-Gly and Leu 16-to-Gly variations, along with some changes at the C-terminus. This sequence is highlighted green in Figure 2 . We also synthesized an atypical sequence, MelN1, highlighted in red, which we suspected was a false negative because it lacked both the common changes. Indeed, we found that MelN1 has pore-forming potency that is similar to the parent peptide melittin (not shown). It was studied no further in this work. On the other hand, as we describe in detail next, MelN2 is a true negative. Despite having 77% identity to melittin and 81% identity to MelP5, MelN2 has almost no membrane-permeabilizing activity in POPC vesicles, even at very high concentration. Finally, to test the contribution of the Leu 16-to-Gly change, we synthesized a synthetic peptide, Mel L16G, which has the parent sequence of melittin except for that single-amino-acid variation. We show below that the single change recapitulates all of the loss-of-function activity.
Vesicle Permeabilization. In all of the experiments that follow, we study four closely related 26-residue, melittinderived peptides in parallel: the parent sequence, melittin; the gain-of-function peptide, MelP5; the observed loss-of-function sequence, MelN2; and the engineered loss-of-function sequence, Mel L16G. All sequences are shown in Figure 2 . The observed gain-of-function and loss-of-function peptides, MelP5 and MelN2, both have charges of +3 and differ by only five residues: an 81% identity. Melittin and Mel L16G have charges of +6 and differ by one residue. They are 96% identical. With these four peptides, which are all highly soluble in aqueous buffers, we measured peptide-induced leakage of the dye ANTS and its quencher DPX from zwitterionic POPC vesicles as a function of peptide concentration. Results are shown in Figure 3 . Melittin and MelP5 behave as reported elsewhere. 30 We define the potency using the 50% leakageinducing concentration, or LIC 50 , the peptide-to-lipid ratio at which 50% leakage occurs. Melittin permeabilizes POPC vesicles, with LIC 50 of 1:200, while MelP5, which is more potent, has LIC 50 of 1:1000. The behavior of the two loss-offunction sequences are extraordinary; they have almost no effect on bilayer permeability except at extremely high concentrations. Their LIC 50 values are ≫1:10 ( Figure 3A,C) . Remarkably, even the single-residue change, L16G, completely recapitulates the loss of function of MelN2, observed in the screen. We conclude that the L16G variation is likely responsible for the surprising abundance of loss-of-function variants observed in the screen, because 50% of library members have this variation (Figure 1) .
For membrane-permeabilizing amphipathic α-helices, exemplified by melittin, membrane binding, secondary structure formation, and membrane permeabilization are all tightly coupled. Melittin binds to bilayer surfaces, folds into two independent, amphipathic α-helical segments that are connected by a flexible segment around the glycine at position 12 an the proline at position 14, inserting partially into the membrane interface as a bent helix in an orientation generally parallel to the membrane surface. 31 Insertion is driven by the hydrophobic faces of the two helical segments. The flexibility around Pro 14 is critical for the permeabilizing activity of melittin. 27, 32 In support of this, we showed that Pro 14 is 100% conserved, and thus essential, in the gain-of-function variants, including MelP5. 25 There are several (non-mutually exclusive) hypotheses to explain the loss of function caused by L16G in these melittinlike peptides. First, by taking away a large bulky side chain and adding a small flexible one, the amino acid change at L16 could prevent the peptide from attaining the required, active conformation needed to permeabilize membranes, even when bound to membranes. Second, the flexibility of glycine could enable the peptide to attain an inactive conformation not normally accessible. Third, L16G breaks up the ideal "leucine zipper"-like motif comprising residues L6, L9, L13, L16, and I20, which has been suggested to be important for the structure and activity of melittin. 33, 34 Lastly, the change of a hydrophobic, helix-favoring Leu residue to a less hydrophobic, helix-breaking Gly could shift the coupled equilibria between binding, structure and function away from the bound, helical and active state of the parent peptide toward an unbound, non-helical, inactive state.
To test these hypotheses, we take advantage of the fact that these peptides are cationic, with charges of +6 for melittin and Mel L16G, and +3 for MelP5 and MelN2. Thus, the strength of their membrane binding can be independently modulated with anionic lipids. We tested all four peptides for leakage activity in lipid vesicles containing anionic POPG at 10%, 50%, and 100%. In 100% POPG, where binding is the strongest, the activity of MelP5 decreases slightly, to LIC 50 = 1:670. Melittin's activity decreases also to LIC 50 = 1:100, as reported previously. 30 Most remarkably, both of the so-called "loss-of-function" sequences are highly active in POPG bilayers. In fact, they are both more active than melittin in 100% POPG, with LIC 50 = 1:190 for Mel L16G and 1:300 for MelN2. MelN2 and Mel L16G are similarly active in 50% POPG, and even 10% POPG bilayers, as shown by the summary data in Figure 3C . Although many cationic, membrane-active peptides are more active in anionic bilayers than zwitterionic bilayers, it is unusual to find a change in behavior as dramatic as we observed here, especially for a peptide like MelN2 that only has a charge of +3.
We note that the loss-of-f unction sequences were identified using vesicles with 10% anionic POPG in a high ionic strength buffer, 300 mM NaCl (see below). However, these same "negatives" are active in 10% POPG vesicles in the assays that we discuss here, probably because the lower ionic strength used here (40 mM versus 300 mM NaCl, previously) promotes binding to 10% POPG vesicles by electrostatic interactions, discussed below.
Secondary Structure. The fact that we were able to observe potent permeabilization by MelN2 and Mel L16G in vesicles containing POPG showed that the loss-of-function sequences are not conformationally prohibited from permeabilizing bilayers. Therefore, it seems likely that the negative peptides do not permeabilize POPC bilayers because they do not bind to, or fold into a helix in, POPC bilayers. To test this idea, we measured circular dichroism spectra for all four peptides in buffer and in the presence of vesicles made of POPC or mixtures of POPC and POPG. The results are shown in Figure 4 . In buffer, melittin, MelN2, and Mel L16G are random coils, as indicated by their minima at 200 nm. MelP5 has partial helical structure in buffer, in agreement with its greater amphipathicity. In the presence of POPC vesicles, the CD spectra agree closely with the permeabilization activity in Figure 3 . MelP5 is highly helical and highly active. Melittin is also helical and active, but less so. The negative sequences, MelN2 and Mel L16G, are almost completely random coil and are inactive. Because membrane binding and α-helical secondary structure are tightly coupled in all melittin-like peptides, our observation of random coil secondary structure for MelN2 and Mel L16G shows that they do not bind measurably to POPC bilayers under these conditions. This explains their lack of activity in leakage assays in POPC vesicles.
In contrast, in vesicles made from 100% POPG, all four peptides are highly α-helical ( Figure 4C ). Helicity again mirrors leakage behavior. In Figure 4D we show the ellipticity at the helix minimum at 222 nm for all four peptides as a function of POPG content. Even the addition of only 10% POPG, shifts the secondary structure of MelN2 and Mel L16G from random coil into highly active, helical state ( Figure 4D ). Because the effect of 10% charged lipids on binding is expected to be small, 35 especially on MelN2 which has a charge of +3, these results suggest that the negative peptides, while inactive in POPC, are poised near their active state. Only in this case, would a small change in propensity for membrane binding drive a cooperative transition from a mostly inactive, unbound, random coil state to an active, membrane-bound, α-helical state. This idea is further supported by the observation that the activity of MelN2 and Mel L16G against vesicles with 10% POPG is strongly affected by ionic strength; it is zero in the screen (at 300 mM NaCl) but high in the leakage assays (in 40 mM NaCl) where electrostatic membrane binding will be stronger.
Cytolytic Activity. The external face of a eukaryotic cell plasma membrane is rich in zwitterionic lipids, PC and sphingomyelin, and uncharged cholesterol, presenting a membrane surface that contains only small amounts of anionic lipids. 36 For this reason, eukaryotic membranes are susceptible to membrane-permeabilizing peptides, such as melittin, that interact mainly via hydrophobic interactions, but are less susceptible to cationic, membrane-permeabilizing peptides, such as antimicrobial peptides, that interact with membranes mainly via electrostatic interactions. We showed above that the Mel negative peptides differ from melittin and MelP5 in that the negatives require at least a small amount of anionic lipids in order to bind, fold, and permeabilize membranes. Here, we test the ability of these four peptides to permeabilize eukaryotic cell plasma membranes to explore the correlation between activity in synthetic and biological membranes.
To answer this question we first measured the peptideinduced lysis of human erythrocytes ( Figure 5A ). Performed in PBS, this experiment measures the propensity of the peptide to enable large scale water permeation across the plasma membrane, which leads to osmotic rupture of the cells. 16 The concentration required for 50% effect (EC 50 ) by melittin is 1.2 μM, reflecting its actual biological activity as an indiscriminate cytolysin. Interestingly, the "gain-of-function" peptide MelP5 is slightly less active in erythrocyte membranes, with EC 50 = 3.0 μM. The negatives, MelN2 and Mel L16G are almost completely inactive against erythrocytes, with extrapolated EC 50 values that are greater than 1 mM peptide. Just as in POPC vesicles, even the single-amino-acid L16G variant is orders of magnitude less active against mammalian cell membranes than melittin.
We also measured cytotoxicity against three types of nucleated cells: Chinese hamster ovary cells (CHO), human ovarian cancer-derived cells (HeLa), and human colon cancerderived cells (HCT116) ( Figure 5B ). Although there is some variability, the behavior of the four peptides is very similar to that observed in erythrocytes. Melittin is the most active, with EC 50 = 1−2 μM. MelP5 has EC 50 = 2−3 μM ( Figure 5B ). Against HeLa and HCT116 cells the negative peptides, MelN2 and Mel L16G, showed no activity at all up to 50 μM (EC 50 > 500 μM). Against CHO cells, they caused low-level toxicity with extrapolated EC 50 values of 100−300 μM. Taken together, the cytolysis/cytotoxicity measurements recapitulate the observations made in 100% POPC vesicles; the two negative peptides, including the single-amino-acid variant, are 2−3 orders of magnitude less active as membrane-permeabilizing peptides than melittin and MelP5.
It has been reported that cancer-derived cells are more susceptible to membrane permeabilization by cationic antimicrobial peptides due to the fact that they have dysregulated transmembrane lipid asymmetry and present more anionic lipids on the external face. 37−39 However, the loss-of-function peptides we characterize here show similarly inactivity against immortalized but non-cancer-derived CHO cells, as they do against cancer-derived HeLa and HCT116 cells, suggesting that the activity of AMPs against cancer cells may be more complex than simple electrostatics.
Antimicrobial Activity. Finally, we tested the antimicrobial activity of the four peptides against Gram-negative Escherichia coli and Gram-positive S. aureus bacteria, using broth dilution assays 40 ( Figure 6A ). Melittin has excellent activity against both microbes, with minimum sterilizing concentrations (MSC) less than 5 μM. This is consistent with its function as a non-specific membrane lytic peptide. Against E. coli, MelP5 has similar activity, yet against Staphylococcus aureus MelP5 is inactive (MSC > 40 μM). This is likely because MelP5 is helical in solution ( Figure 4A ) and may exist as multimers, which cannot readily diffuse through the cell wall of the Gram-positive bacteria, while they can bind to and permeabilize the outer membrane of Gram-negative bacteria thereby accessing the inner membrane. Unlike the case for POPC vesicles and eukaryotic cells (Figures 3 and 5) , Mel L16G is highly active against both E. coli and S. aureus. The observed negative, MelN2 is inactive (MSC > 40 μM) against both bacteria. We cannot currently explain why these two peptides behave differently in bacterial membranes, when they are very similar in PC band PG-containing synthetic bilayers. Perhaps the high anionic charge on the bacterial cytoplasmic membranes promotes strong binding of Mel L16G, which has a charge of +6, but that the binding of MelN2 which has a charge of +3, is not sufficient for good activity. In vesicle assays, perhaps the lower charge of MelN2 is compensated by its higher hydrophobicity or amphipathicity when the peptide solution is in direct contact with the membrane, while this is not the case for bacterial cytoplasmic membranes which are only accessed by peptides that pass through the cell wall or outer membrane. While anionic synthetic membranes can mimic bacterial membranes in many ways, this result shows that the correlation is incomplete.
Finally, we combined eukaryotic and prokaryotic cells to indirectly test the relative binding of the peptides. Because Mel L16G is more dependent on membrane charge for binding than melittin and MelP5, we hypothesized that Mel L16G will have a greater preference for the bacterial membrane when both types of cells are present. To test this idea, we measured the degree to which the addition of 1 × 10 9 human erythrocytes per ml (20% of the concentration in whole blood) reduces antimicrobial activity (increases MSC value) of the active peptides. The stronger the competitive binding to erythrocytes, the greater the effect on MSC should be. The data in Figure 6B support the hypothesis: while 1 × 10 9 erythrocytes/mL increased the MSC of melittin and MelP5 by 8-fold, it increased the MSC of L16G by only 2-fold, supporting the idea of much weaker binding of Mel L16G to erythrocytes. This agrees with the low hemolytic activity of Mel L16G. These data suggest that Mel L16G or variants of it could be nontoxic and have reasonable antimicrobial activity in whole blood (5 × 10 9 erythrocytes/ mL) where many antibiotic peptides are somewhat toxic and are inactive due to host cell binding.
Conformational Fine-Tuning. To enable improved rational design of membrane-permeabilizing peptides, here we sought to learn how to better control the activity of melittin by screening a narrowly defined, melittin-based library for loss-offunction sequences. The results show that changing only the natural leucine at position 16 to glycine is sufficient, and may be necessary, to abolish activity against PC vesicles as well as against mammalian cells. Further, we demonstrated that the loss of activity against these membranes is due to a shift in the peptide-membrane equilibrium away from the bound, helical and active state. The peptide conformational equilibrium lies just outside of the conditions at which binding and activity occur in PC vesicles. We refer to this effect as "conformational fine-tuning". The potential for practical applications of these peptides are shown by the fact that Mel L16G is a broad spectrum antibiotic which causes little or no hemolysis or cytotoxicity against mammalian cells. A dramatic change in the potential usefulness of melittin is achieved by a single-aminoacid change.
Ladokhin and White and others 41−43 have described the thermodynamics of partitioning and folding of melittin and other amphipathic peptides in POPC bilayers as a combination of interfacial hydrophobicity (net −0.1 kcal/mol for melittin) and about −0.4 kcal/mol per residue favoring the partial folding of the membrane-bound peptide. The latter contribution is dominated by the hydrophobic moment of the helical segments. The result, for melittin, is a sequence that binds well to POPC, with ΔG x = −7.8 kcal/mol, and which has about 60−70% helix content. The gain-of-function peptide MelP5 is more hydrophobic (net −2.9 kcal/mol), more amphipathic, and has a higher helix content in membranes (Figure 4) , consistent with its stronger binding (−8.2 kcal/mol). 25 In this framework, the L16G change is predicted to reduce the hydrophobicity of the variant, relative to melittin, by only 0.6 kcal/mol, 44, 45 which is not enough to solely account for the complete loss of binding and activity of Mel L16G in POPC. Conformational effects that reduce helical propensity must also contribute to loss of activity. Because folding of short helices is strongly influenced by end group effects, 46 the conformational effects are likely maximized by placement of the flexible, helixinhibiting glycine 47 at position 16 near the end of the Cterminal helical segment of melittin in membranes. The conformational effect of L16G on melittin structure and function is opposite to the effect of K23A, one of the most important changes in the gain-of-function sequences. K23A increases helical propensity by enabling the extension of the Cterminal amphipathic helical segment into the cationic Cterminal tail of melittin. 
■ CONCLUSION
We have shown here that changing a single, critical hydrophobic leucine at position 16 to a flexible glycine in the bee venom peptide, melittin, dramatically changes the selectivity of the peptide for membranes through conformational fine-tuning. Unlike the potent and indiscriminately lytic parent sequence, and its gain-of-function variants, the loss-of-function variant does not strongly bind to or permeabilize synthetic PC bilayers, and is not lytic or toxic against multiple types of eukaryotic cells. Importantly, we show that this effect is accomplished without significantly changing the basic structure−function relationships in the peptide. Instead, it is achieved through conformational fine-tuning of helical propensity, which is directly coupled to binding, structure and activity of amphipathic, α-helical pore formers. In the presence of anionic lipids, perhaps at concentrations higher than those found in eukaryotic cells in culture, the new melittin variants regain potent membrane-permeabilizing activity because increased binding shifts the equilibrium toward the α-helical, membranepermeabilizing state.
Conformational fine-tuning could have many practical applications. In this work, we show directly that L16G melittin has potentially useful, broad-spectrum antimicrobial activity, with little or no toxicity to host cells. It also has low susceptibility to host cell binding, a problem that may eliminate useful activity of most antimicrobial peptides, in vivo. However, our results also imply other uses for conformationally finetuned, membrane-permeabilizing peptides. For example, because cytotoxic activity is directly coupled to binding, one can imagine that the specific binding of an antibody or receptor ligand, labeled with Mel L16G could lead to cell-type specific cytolysis. This would be a useful strategy against cancer cells, pathogens, pathogen-infected cells or other target cells.
■ MATERIALS AND METHODS
Materials. The peptide library was synthesized using standard FMOC methods as described elsewhere. 48, 49 All other peptides were synthesized and purified by Biosynthesis, Inc. Bacteria and nucleated cells were obtained from ATCC and fresh human erythrocytes were obtained from Interstate Blood Bank.
Loss-of-Function Screen. The details of the library design and synthesis and the vesicle-based screen have been described elsewhere. 24, 25, 29 The library was synthesized as a one-bead one peptide library on large solid phase peptide synthesis beads. Each bead had about 5 μg (∼1 nmol) of one sequence tethered to it by a photolabile linker. Library members were released from beads by UV irradiation and then screened against lipid vesicles. Large unilamellar vesicles were made from 89% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) + 10% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG), plus 1 mol % NBD-labeled-POPE. Terbium chloride (50 mM) and sodium citrate (100 mM) was entrapped inside the vesicles, which was replaced with equiosmolar 300 mM NaCl outside containing 50 μM dipicolinic acid. Leakage is indicated by luminescent complex formation between Tb and DPA. 50 Vesicles were added to wells containing extracted peptide so that P:L = 1:20. After overnight incubation of vesicles and peptide, leakage of terbium was measured using a Biotek Synergy microplate reader. Afterward, freshly prepared dithionite in 1 M K 2 PO 4 , pH 10 was diluted into each well, and the remaining NBD fluorescence was measured. The negative control in each plate was vesicles with no peptide and the positive control was vesicles in the presence of Triton-X100 detergent.
Vesicle Permeabilization Assays. Large unilamellar vesicles were made by extrusion from POPC and/or POPG. Vesicles contained the dye ANTS (6 mM) and its quencher DPX (12 mM) in 10 mM phosphate buffer as described elsewhere. 51 The external solution contained equiosmolar NaCl at 40 mM in 10 mM phosphate buffer. Peptide serial dilutions were made in lo-bind Eppendorf tubes, followed by addition of 0.5 mM lipid vesicles. After 1 h, samples were added to wells of a 96-well plate and ANTS fluorescence was measured on a Biotek Synergy plate reader. Fractional leakage was calculated using controls that included buffer only (negative), Triton-X-100 (positive), and MelP5 at P:L = 1:100 (positive). Circular Dichroism. Peptide solutions were prepared in 10 mM NaPO 4 buffer with 40 mM NaCl at 50 μM peptide concentration. CD spectra were collected on a JASCO 810 spectropolarimeter in a 1 mm rectangular quartz cuvette in the absence or presence of 1 or 2 mM lipid vesicles.
Hemolysis. Fresh human red blood cells were obtained from Interstate Blood Bank, Inc., and thoroughly washed in PBS until the supernatant was clear. RBC concentration was determined using a standard hemocytometer. In hemolysis assays serial dilutions of peptide were prepared, followed by the addition of 2 × 10 8 RBC/mL. After incubation for 1 h at 37°C the cells were centrifuged and the released hemoglobin was measured by optical absorbance of the heme group (410 nm). Negative control was buffer only (0% lysis), and the positive controls were 20 μM melittin and distilled water (100% lysis).
Cytotoxicity. Cells were seeded in 96-well plates and grown to 80−90% confluency for 1 day prior to addition of serially diluted peptides. After 24 h of incubation with peptides, Alamar blue, which is reduced in live cells to a fluorescent compound, was added and cells were incubated for an additional 4 h. Measurement of fluorescence was done using a Biotek Synergy plate reader. Controls were buffer only (negative) or 25 μM MelP5 (positive).
Antibacterial Assays. Escherichia coli strain ATCC 25922 and Staphylococcus aureus strain ATCC 25923 were used in this study. Overnight cultures were subcultured to log phase (OD 600 = 0.3−0.6) after which cell counts were determined by measuring the OD 600 (1.0 = 1.5 × 10 8 CFU/mL for S. aureus, 5 × 10 8 CFU/mL for E. coli). Bacteria in minimal media mere added to serially diluted peptides and incubated for 3 h, followed by the addition of full growth media. After overnight incubation, the optical density of the wells read on a plate reader to determine whether they were sterilized (OD < 0.08) or were at stationary phase growth, OD > 0.5. Intermediate values, which were rare, were considered positive for growth. Average minimum sterilizing concentrations were calculated from the lowest peptide concentration that sterilized the bacteria in each serial dilution. Broth dilution assays done in the presence of RBCs were done using two plates, a growth plate (as above) which was used to inoculate a secondary plate that contained sterile media. After overnight growth of the secondary plate, optical densities were read as above.
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